Introduction
In 1947, a few years before Watson and Crick elucidated the double-helical structure of DNA, Mandel and Métais [1] reported for the first time circulating nucleic acids in the bloodstream. Using a perchloric acid precipitation method, they reported that mainly RNA, but also DNA, can be found in the plasma of healthy and diseased persons. Despite the innovative nature of this work, little attention was drawn to these findings until estimated at 14-18 ng/ml, whereas in patients with various types of neoplasias, the mean concentration is 180-318 ng/ml [3, 8, 9] . The increase in serum DNA in cancer patients is mostly attributable to freely circulating tumor DNA [8] . On the basis of these pioneering studies, a new field of tumor marker research has emerged, especially focusing on serum/plasma which seems to be a compartment enriched in tumor-specific DNA and RNA. This compartment is currently the focus of much effort to detect either premalignant changes, cancer or relapse of disease. This review focuses on published studies dealing with the prognostic or even predictive value of tumor-specific circulating nucleic acids in plasma or serum (CNAPS) of patients with solid neoplasias.
Various types of circulating nucleic acids in cancer patients
The majority of reports evaluating a prognostic test in solid tumors face one major obstacle: the need for invasive procedures to obtain adequate testing material. Therefore, the easy accessibility of CNAPS opens up a new field for prognostic testing and therapy monitoring during follow-up. Overall, average DNA levels are significantly elevated in cancer patients as compared to healthy controls, irrespective of the use of serum or plasma, but it turned out that absolute DNA levels were lower in studies using plasma than in those analyzing serum samples [10] [11] [12] .
Most studies on CNAPS in cancer patients focused on genetic alterations. During recent years mutations of the ras oncogene family have been very frequently described in circulating DNA (for review see [13, 14] ). Such mutations occur early in the development of cancer, are highly specific for cancer, and have a wellcharacterized site and therefore represent a possible marker for serologic cancer diagnosis. Approximately one-fourth of patients with colorectal cancer and onehalf of those with pancreatic cancer have mutant K-ras sequences detectable in plasma [6, [15] [16] [17] . Compared to the analysis of ras, the detection of p53 alterations is especially laborious owing to the potential presence of mutations along several exons. Despite this fact, numerous groups have searched for p53 mutations in serum/plasma, probably due to the prevalence of p53 alterations in most malignancies. P53 mutations were reported in the plasma of patients with hepatocellular carcinoma [18, 19] , breast cancer [20, 21] , lung cancer [21] and colorectal cancer [22] . Most remaining studies have analyzed p53 mutations in plasma and serum together with other genetic or epigenetic alterations [23] [24] [25] [26] [27] [28] . Similar to genetic alterations of p53 and ras oncogene, mutated adenomatous polyposis coli (APC) gene sequences can occasionally be detected in the plasma of patients with sporadic colorectal cancer [23, 29] and erbB-2 amplifications in those with esophageal cancer [30] .
Microsatellites are repetitive DNA sequences, ranging in size from 2 bp to 6 bp, that form variable-length stretches of DNA. With appropriate primers it is possible to amplify DNA fragments that can be used as microsatellite markers, and with a panel of such markers, tumors can be profiled. Microsatellite alterations are detectable in serum/plasma of patients with lung cancer [31] [32] [33] , head and neck cancer [34] , breast cancer [35] , melanoma [36, 37] , renal cell carcinoma [38] .
Changes in the status of DNA methylation, known as epigenetic alterations, are among the most common molecular alterations in human neoplasia [39] [40] [41] . An increasing number of studies have reported the presence of methylated DNA in serum/plasma and other body fluids of patients with various types of malignancy and the absence of methylated DNA in normal control patients (for review see [42] ). Therefore, epigenetic alteration represents important serologic markers for risk assessment and even for therapy monitoring during follow-up of cancer patients.
Additional compounds recovered from blood have been tested for a potential prognostic application in cancer. These include viral DNA, nucleosomes, mitochondrial DNA, and mRNA.
Viruses such as human papillomavirus (HPV) and Epstein-Barr virus (EBV) are etiological factors in various malignancies, therefore having the potential to be used as molecular markers for several neoplastic diseases. Associations exist for EBV and Hodgkin's disease, Burkitt's lymphoma, nasopharyngeal carcinoma (NPC) and for HPV with head and neck and cervical cancers (for review see [13, 14] ). During the past years it turned out that it is possible to use cell-free EBV DNA in plasma of NPC patients to monitor the response to a given treatment or to evaluate the prognosis of these patients. The clinical value relates to the observation that those in whom the concentrations do not reach zero (or at least decrease to a low value) subsequently relapse [43, 44] . Additionally, one can find a poorer prognosis in those patients showing high levels of EBV DNA [45] . As mentioned above, several other malignancies are associated with EBV infection, like lymphomas, particularly Hodgkin's disease. EBV DNA has been detected in both adult and pediatric Hodgkin's patients [46, 47] . Additionally, it has been suggested that different concentrations of EBV DNA were likely to be of prognostic significance [46, 48, 49] . HPV infection is an etiological factor in cervical carcinoma. Recently, detection of HPV DNA in serum/plasma of patients with cervical cancer and HPV-associated head and neck squamous cell carcinoma has been described [50] [51] [52] [53] . Very recently, we were able to demonstrate that serum HPV DNA seems to reflect biological activity of cervical cancer and, furthermore, that serum HPV DNA might be a useful additional marker for early detection of recurrence in cervical cancer patients [54] .
Nucleosomes originate from endonuclease cleavage of chromatin during apoptotic cell death, and are composed of a histone octamer core wrapped with 180 bp-200 bp DNA. It is now widely accepted that nucleosomes, and in particular mononucleosomes, are the form in which cell-free DNA circulates in the bloodstream (for review see [14] ). Kuroi and coworkers reported a significant increase in nucleosome levels in breast cancer patients as compared with healthy controls. Otherwise, no correlation was detected with the most important clinicopathological features or prognosis of breast cancer patients [55] . Very recently, Holdenrieder and coworkers found circulating nucleosomes to represent independent predictors of therapy response in patients with stage III and IV NSCLC undergoing chemotherapy [56] .
Each human cell contains several hundred copies of mitochondrial DNA (mtDNA) that encodes respiratory chain subunits, tRNAs, and rRNAs. In recent years, several mutations have been described in patients with colorectal cancer, bladder cancer, lung cancer, and head and neck cancer [14, 57] . Recently, mtDNA mutations have been reported in the plasma of patients with early prostate cancer [58] and in the serum/plasma of patients with hepatocellular carcinoma [59, 60] , as well as in the serum of CRC patients [61] . Additionally, cellfree mRNA can also be detected in serum or plasma, a fact that gives rise to the suggestion that expression profiling can be performed in patient bloodstream. In patients with cancer, RNA may derive from tumorassociated viruses (e.g. DNA viruses that have an RNA genome as an obligatory part of their replicative strategy) or directly from the tumor (for review see [13, 14] ). Recently, it was reported that tumor-derived tyrosinase mRNA was detected in four of six patients with metastatic melanoma but not in healthy controls [62] . The authors were able to rule out the contamination of serum with circulating tumor cells, which suggests the cell-free origin of the tyrosinase transcript. A similar detection rate for tyrosinase mRNA was reported by a second work [63] . Additionally, telomerase mRNA has been detected in serum/plasma of patients with various types of neoplasia, including breast cancer [64] or CRC [65, 66] . It must be mentioned that there are additional candidate mRNA markers for early detection and therapy monitoring, but further data are needed to assess their real utility.
The putative origin of CNAPS
Although it is evident that DNA or RNA circulates freely in the bloodstream of healthy controls or even in cancer patients, the source remains enigmatic. It can be presumed that circulating DNA in healthy subjects derives from lymphocytes or other nucleated cells. Yet, it is not known why cancer patients have such large quantities of plasma DNA, nor where this genetic material derives from. However, it is now widely accepted that a substantial proportion of circulating DNA in cancer patients derives from tumor cells (for review see [67] ). The most common hypothesis concerning the origin of circulating tumor-specific DNA, namely the lysis of circulating cancer cells or micrometastasis shed by the tumor, has turned out to be wrong, because there are not enough circulating cells to justify the amount of DNA found in the bloodstream. It thus appears that circulating tumor-specific DNA could be due either to DNA leakage resulting from tumor necrosis or apoptosis or to a new mechanism of active release (for review see [67] ). Additionally, not much is yet known about the methylation pattern of several genes in normal white blood cells or even endothelial cells which may also serve as a source of cell-free DNA detected in the bloodstream. Another possible source of methylated DNA may be normal tissues which show increasing methylation values during aging [68] [69] [70] .
An alternative -and likewise attractive -hypothesis is that circulating altered DNA per se may cause denovo development of tumor cells in organs known to harbor cancer metastases. This hypothesis is supported by the fact that a horizontal transfer of circulating tumor DNA into tissues has been demonstrated in animal experiments, which raises questions on the possible functional relevance of this so-called genometastasis, as opposed to conventional cellular metastatic spread [71] . Additionally, this alternative hypothesis is supported by the fact that methylated oligonucleotides in vitro as well as in vivo are able to regulate gene expression in hepatocellular cancer [72] . Hypothetically, under the assumption that horizontal transfer of tumor DNA sequences has a transforming potential [73, 74] , stem cells in distant organ tissues would constitute possible targets for uptake.
Prognosis in patients with newly diagnosed neoplasia is determined primarily by the local spread of the tumor and by the presence or absence of metastases in draining axillary lymph nodes. Nevertheless, the lifethreatening event in cancer is not lymph node metastasis per se, but hematogenous metastases which mainly affect bone, liver, lung and brain. Therefore, considering the possible mechanism of genometastasis it seems very promising to use CNAPS to develop a prognostic or even predictive test that is sensitive for hematogenous metastases and could be performed on pretherapeutic serum and plasma or even on serum/plasma samples during follow-up.
An alternative means of epigenetic prognostic/predictive marker evaluation
As mentioned above, numerous studies have demonstrated the presence of methylated DNA in serum/ plasma of patients with various types of malignancy, and the absence of methylated DNA in normal control patients (for review see [42] ), although the source of this tumor-specific methylated DNA remains enigmatic. Despite the many unsolved questions, circulating DNA methylation changes represent one of the most promising tools for risk assessment in cancer patients. Nevertheless, it is not yet clear how to proceed to choose the most promising prognostic or predictive DNA methylation markers out of a long list of candidate genes known to be hypermethylated in neoplasia. One possible means of coping with this problem is to focus first on neoplastic tissue specimens and determine those genes that are highly methylated in the tumor of interest. Afterwards one has to search for these methylated genes in corresponding serum or plasma specimens and if methylation changes can be detected therein, their prognostic and predictive value can then be evaluated. This form of methylation marker evaluation can pose some obstacles: the source of the circulating DNA remains enigmatic (see above); not much is known about methylation changes in white blood cells or endothelial cells; it is not yet clear whether a continuous association exists between the methylation status in serum samples and in corresponding tissue specimens; aging may also influence the methylation status, not only in neoplastic, but also in normal tissue [68] [69] [70] . Furthermore, it must be mentioned that prognosis in patients with newly diagnosed cancer is determined primarily by the most life-threatening event in cancer, namely hematogenous metastases which mainly affect bone, liver, lung and brain. Additionally, the hypothesis of genometastasis (described above) suggesting that circulating altered DNA per se may cause de-novo development of tumor cells in organs known to harbor cancer metastases, must be kept in mind. In order to develop a prognostic test that is sensitive for hematogenous metastases investigating directly the compartment containing circulating DNA, we followed a new way for evaluating the most promising DNA methylation marker out of a long list of candidate genes. We used a so-called gene evaluation set looking only at serum samples of advanced cancer patients, normal controls and pre-treatment sera of cancer patients [75] : This gene evaluation set consisted of patients with recurrent disease (n = 10; sera obtained at diagnosis of metastasis in the bone, lung, brain or liver) and pretherapeutic sera of recently diagnosed primary breast cancer patients (n = 26) and normal controls (n = 10; all underwent a core biopsy and were confirmed to have benign disease of the breast). Because levels of circulating DNA in metastasized patients are known to be higher [3] and because the loss of genetic heterogeneity of disseminated tumor cells with the emergence of clinically evident metastasis was recently reported [76] , we firstly investigated 39 genes in ten sera of metastasized patients to determine the overall prevalence of methylation changes in breast cancer. The 33 genes positive in the sera of the metastasized patients were further evaluated in an independent sample set of pretherapeutic sera of 26 patients with primary breast cancer and ten healthy controls. The most appropriate genes for our further analyses were determined to be those that met one of the following criteria: (i) unmethylated in serum samples from healthy controls and > 10% methylated in serum samples from primary breast cancer patients, or (ii) 10% methylated in serum samples from healthy controls and > 20% methylated in serum samples from primary breast cancer patients. A total of five genes, namely ESR1, APC, HSD17B4, HIC1 and RASSF1A, met at least one of these criteria. Finally, we were able to demonstrate that our alternative means of marker evaluation is very useful, because two of the determined genes (APC, RASSF1A) turned out to be independent prognostic markers in breast cancer patients. Additionally, when looking solely at serum samples of cancer patients we identified MYOD1, CDH1 and CDH13 as being of prognostic value in cervical cancer patients [77] [78] [79] , which may also indicate some kind of hematogenous metastasis. Irrespective of the mechanistic role of methylated DNA with regards to metastasis in cancer patients, these epigenetic changes in serum have several advantages as indicators of poor prognosis as compared to currently used or studied prognostic parameters: DNA in serum is stable, easy to obtain and can be analyzed with a high-throughput method like MethyLight [77] .
One may speculate that this alternative approach can also be used to evaluate possible candidates of other CNAPS, especially if stored serum or plasma samples exist without available corresponding tissue samples.
Prognostic and predictive markers -A big difference
Over the years, substantial efforts have been made to subdivide patient populations into groups that behave differently, so that therapy can be applied more efficiently. Indeed, the diagnosis of a neoplastic disease itself divides the general population into those with it and those without it. Separation of these two groups is crude, and estimation of prediction of outcome based solely on the diagnosis of a neoplastic disease is very poor. Consequently, doctors began to observe that outcomes were related to clinicopathological features of neoplastic disease, e.g. tumor size, presence or absence of pathologically involved lymph nodes or different grade of tumor tissue. These efforts led to what is now commonly known as the "TNM staging system". The TNM staging system only partially separates patients into subgroups with different biological behaviors and was developed in the era prior to widespread application of adjuvant systemic therapy. Therefore, the TNM staging system was designed to determine patients for whom local therapy (surgery, radiation) was inappropriate and to predict the risk of relapse and death for those patients treated with such modalities. The identification of substantial benefit from various types of adjuvant systemic therapy (chemotherapy, hormone therapy) has provided an opportunity to select specific regimens that might be applied in the individual patient. Therefore, in addition to so-called "prognostic factors", which predict the risk of relapse and death in the absence of systemic therapy, a variety of putative "predictive factors" have been proposed that might predict how well a specific therapeutic agent will work [80, 81] .
In the context of the explosion of molecular biology over the past decades a series of molecular prognostic factors have been studied. Despite the hundreds of putative molecular markers that have been reported, only very few have actually gained widespread clinical acceptance. In part, this frustrating lack of progress is a function of the biological diversity of neoplastic disease. Furthermore, much of the confusion and controversy in this field stems from poorly designed and analyzed studies [80, 81] . Over the past decades several studies have suggested a great potential for CNAPS as markers for neoplastic disease in several body fluids. Furthermore, it is also possible that CNAPS have great potential as prognostic or even predictive markers in neoplastic disease (for review see [13, 14, 42, 82] . Because the distinction between prognostic and predictive factors can critically affect the results of a clinical or laboratory investigation [80, 81] , we want to point out the importance of paying more attention to this fact when introducing CNAPS into clinical routine as prognostic and predictive markers.
Prognostic factors are associated with either the metastatic and/or growth rate potential of the primary tumor and are related to patient outcome independent of the treatment they receive [80, 81] . Predictive factors are associated with relative sensitivity and/or resistance to specific therapeutic agents. Of note, the same factor may be both prognostic and predictive. From the statistical viewpoint the type of therapy must in this case be considered a confounding variable in a multivariate model (e.g. Cox regression model). A purely prognostic factor separates groups of cancer patients, independent of therapy ( Fig. 1a and 1b) . In the case of an ideal predictive factor the presence of a specific treatment for which the factor predicts sensitivity or resistance, the patients's outcomes are very different depending on tumor marker results. A mixed prognostic/predictive factor separates groups to some degree in the absence of the relevant therapy, but much more so in the presence of the specific therapy ( Fig. 1c and 1d ). For example, in the case of breast cancer, metastatic involvement of axillary lymph nodes is generally considered a "purely prognostic" factor, whereas the estrogen receptor (ER) protein content of the primary tumor may play both a prognostic and a predictive role [80, 81] . It is well established that breast cancer patients benefit from hormone therapies in the adjuvant or metastatic setting if they have hormone receptor-positive tumors. Although the predictive strength of ER is not absolute, patients with ER-poor tumors are much less likely to benefit from hormone therapy than are those whose tumors are ER-rich. Additionally, it has been observed that ERpoor breast cancers appear to grow more rapidly and behave more aggressively than ER-rich tumors. Thus, it was proposed that ER content might also be prognostic [80, 81] . Beside the often unappreciated issue of prognosis and prediction, many other issues further complicate the interpretation of studies with regard to prognosis. Most, studies are retrospective, include only small numbers of patients and do not control for other confounding prognostic variables. Additionally, differing lengths of follow-up and different endpoints (response, disease-free survival, overall survival, relative risk of relapse or death) contribute to misinterpretation of prognostic studies. Therefore, the ideal study should be prospectively designed for a defined population of patients in order to address the clinical utility of the prognostic factor using predetermined methods and cutoffs. In an effort to avoid the confounding effect of treatment, only patients who do not receive systemic therapy should be studied. In addition, studies should report the relative risk of recurrence and/or mortality associated with a specific factor, thus allowing the strength of various prognostic factors to be compared [80, 81] . On the one hand, we want to emphasize the importance of a well-designed (prospective) study, but we also feel it is very important to initially use retrospective analysis of serum or plasma samples to pick out promising markers for further analysis. Within this review we discuss a new possible means of marker evaluation using a retrospective study design (see above). At bottom, every putative prognostic parameter has to be tested in a prospective, multicenter study before it can be introduced in clinical routine.
Prognostic and predictive potential of various CNAPS

Genetic mutations
The first studies dealing with tumor-specific CNAPS reported mutations of various genes to have the potential to serve as tumor markers in patient bloodstream. With regard to the prognostic or even predictive value of genetic mutations in plasma or serum of cancer patients, only a few reports can be found:
Concerning pancreatic cancer patients a relation to tumor size, stage, and relapse risk was noted, and plasma K-ras mutations were shown to be independent prognostic factors for survival [83, 84] . Yamada and coworkers reported some kind of predictive value of K-ras mutations in plasma: treatment normally resulted in a disappearance of K-ras mutations in plasma, whereas those patients persistently positive for K-ras mutation in plasma showed early recurrence or progressive disease [83] . Furthermore, K-ras mutations were reported to have prognostic potential in serum of nonsmall cell lung cancer (NSCLC) patients [85] . Lecomte and coworkers used p16 promoter hypermethylation and K-ras mutations in combination to classify tumorderived DNA in plasma. They reported improved survival for CRC patients showing no tumor-derived DNA in the pre-therapeutic plasma samples [86] .
Compared to the analysis of ras, the detection of p53 alterations is especially laborious owing to the potential presence of mutations along several exons. Despite this fact, numerous groups have searched for p53 mutations in serum/plasma DNA, probably due to the p53 alterations known to exist in most malignancies. To our knowledge no valid study has yet been published concerning p53 mutations as a single marker in serum/plasma for prognostication of cancer patients. Most studies have analyzed p53 mutations in serum/plasma together with other alterations, such as microsatellite changes and gene hypermethylation: Silva and coworkers were able to detect tumor-derived DNA (six microsatellite markers and p53 mutations) in 43% of patients with breast cancer. Moreover, they revealed tumor-derived DNA in plasma to serve as a predictor of disease-free survival in univariate analysis, whereas they found only independent borderline significance in multivariate analysis [87] . Furthermore, it has been reported that small cell lung cancer (SCLC) patients with microsatellite modifications and p53 mutations showed a significant difference in survival as compared with patients bearing only one of these molecular changes [33] . The predictive value was additionally evaluated by looking at tumor-derived DNA in plasma during follow-up. In 15 cases it was possible to find a correlation either between tumor response and disappearance of abnormal plasma DNA, or between tumor progression and persistence of plasma alterations [33] . Silva and coworkers also presented a study which describes a possible predictive value of tumor-derived DNA in plasma of breast cancer patients during followup, showing a relation between persistence of tumorderived DNA in plasma four to six weeks after mastectomy to bad-prognosis histological parameters suggesting undetectable micrometastatic disease [25] . However, from the sensitivity and overall detection rates it is clear that despite the predominance of p53 alterations in human malignancies the analysis of p53 mutations in plasma or serum is technically cumbersome and probably not sufficient per se for prognostic purposes (for summary see Table 1 ).
Microsatellite alterations
Of all the targets analyzed in serum/plasma DNA, microsatellites alterations have been the source of the most controversies. Although, microsatellite analysis is generally easy to perform, a main concern has been the purity of tumor-derived DNA in plasma and serum, because a significant proportion of serum DNA is thought to derive from in vitro lysis of normal hematological cells, and even in plasma the fraction of tumor-derived DNA is highly variable. It requires tumor DNA within DNA originating from benign sources at a ratio of 0.5% to 5% when targeting microsatellite instability (MIN) and more than 10% to 20% when targeting loss of heterozygosity (LOH). In addition, microsatellite analysis using small DNA concentrations, such as those isolated from plasma/serum, is prone to technical artifacts. Longer alleles (> 200 bp) are more likely to display false-positive LOH than are their shorter counterparts. In CNAPS analysis, the underlying difficulty of amplifying longer microsatellite sequences can be ascribed to the highly fragmented nature of plasma/serum DNA (for review see [14, 82] ). Despite these limitations, microsatellite alterations including LOH have been found not only in plasma but also in serum (for review see [13, 14] ). Moreover, some studies reported a prognostic value for microsatellite alteration in serum/plasma of cancer patients as a single marker or in combination with hypermethylated DNA or gene mutations:
As above-mentioned, Silva and coworkers were able to detect tumor-derived DNA (six microsatellite mark- Table 1 Summary of studies dealing with CNAPS as a prognostic or a predictive parameter in solid tumors 
Statistical methods
"n" = no; "y" = yes; "prog" = prognostic; "pred" = predictive; "KM" = Kaplan-Meier; "COX" = COX regression; "NPC" = nasopharyngeal carcinoma; "HNSCC" = head and neck squamous cell carcinoma; "SCLC" = small cell lung cancer; "NSCLC" = non-small cell lung cancer.
ers and p53 mutations) in patients with breast cancer. Additionally, they demonstrated this tumor-derived DNA in plasma serving as a predictor of disease-free survival in univariate analysis [87] . The same group reported a possible predictive value of tumor-derived DNA (classified as microsatellite alterations, p53 mutations or p16 hypermethylation) in plasma of breast cancer patients during follow-up on the basis of a relation observed between the persistence of tumor-derived DNA in plasma four to six weeks after mastectomy to bad-prognosis histological parameters [25] . Furthermore, Gonzalez and coworkers reported that SCLC patients with microsatellite modifications and p53 mutations showed a significant difference in survival as compared with patients bearing only one of these molecular changes [33] . In melanoma patients, one group found an association between plasma microsatellite alterations and disease stage, progression and survival rates. The analysis was performed with eight to ten markers mapping up to six chromosomal regions showing frequent LOH in tumors [37, 88] . Very recently, the same group reported a predictive value of microsatellite alterations in plasma of metastatic melanoma patients. The presence of LOH was statistically significant and independently associated with disease progression in multivariate analysis [36] . It has been reported that circulating tumor-specific DNA in serum of renal cancer patients can be detected by microsatellite analysis (28 microsatellite markers [89] ). The same group evaluated the postoperative clinical course of patients with renal cancer identified preoperatively by microsatellite analysis (28 microsatellite markers) and found that the frequency of microsatellite alterations (LOH) detected in the preoperative serum of patients with renal cancer served as a prognostic indicator for disease recurrence [90] . With regard to bladder cancer, Dominguez and coworkers reported a link between plasma LOH and disease recurrence [91] .
Apoptotic protease-activating factor 1 (APAF-1) is an essential downstream target of p53 in the intrinsic apoptotic pathway. Loss of APAF-1 can aid tumor cells evading immune attack-induced death, circumvent inherent programmed cell death, and resist cancer chemo-, immuno-, and radiotherapy. Recently, it was demonstrated that the presence of allelic imbalance (AI = LOH) in the APAF-1 gene region in metastatic melanoma tumors is associated with poor disease outcome [92] . Additionally, it was demonstrated that circulating DNA with AI on the APAF-1 gene locus has the potential to predict tumor response to chemotherapy ( [93] ; for summary see Table 1 ).
DNA methylation
An increasing number of studies have reported the presence of methylated DNA in serum/plasma and other body fluids of patients with various types of malignancies and the absence of methylated DNA in normal control patients (for review see [42] ). Concerning the prognostic or predictive value of circulating methylated DNA in serum or plasma of cancer patients only a few reports have been published: the first was presented by Kawakami and coworkers in the year 2000 and reported high plasma levels of methylated APC in plasma of esophageal carcinoma patients to be statistically significantly associated with reduced survival [94] . One of the targets most frequently analyzed is p16 tumor suppressor gene methylation status in the bloodstream of cancer patients. One study reported a correlation between p16 methylation in CRC patients and later Duke's stage, suggesting a possible prognostic potential. Newertheless, the prognostic potential was not statistically evaluated [95] . Another study looked at only a very small number of patients and stated that the presence of plasma p16 methylation in NSCLC patients is associated with advanced TNM staging, poor survival and shorter disease-free survival [96] . The methylation status of p16 in the bloodstream of breast cancer patients has been assessed as a single marker [97] , or in conjunction with additional alterations [24, 25] . However, none of these studies identified clinical associations with p16 gene methylation per se. This might be the consequence of the low prevalence of p16 methylation in breast tumor tissue (22-23%), which resulted in overall detection rates in plasma of only 10% to 14%. Better results were obtained in hepatocellular carcinoma, where two studies found methylation of p16 in about 70% of tumors [98, 99] . In one of these studies the authors suggest that aberrant plasma/serum p16 methylation may be strongly associated with more aggressive phenotypes of hepatic carcinoma and with development of tumor recurrence or metastasis [99] . Additionally, plasma p14ARF promoter hypermethylation was reported to be associated with the presence of multicentric foci, larger tumors and relapse of the disease [91] .
For the past five years our research group was mainly interested in evaluating DNA methylation changes in serum of cancer patients. Using a new means of DNA methylation marker evaluation (as described above) we analyzed 39 genes in serum of breast cancer patients. Finally, we established that RASSF1A and/or APC methylation in serum of breast cancer patients is inde-pendently associated with poor disease outcome. Furthermore, DNA methylation of these genes in pretherapeutic sera of breast cancer patients is more powerful than standard prognostic parameters [75] . When studying the prognostic potential of methylation markers in sera of cervical cancer patients we detected MYOD1 methylation status to be significantly associated with better disease-free and overall survival in univariate analysis [79] . Additionally, we found that cervical cancer patients with unmethylated CDH1/CDH13 methylation showed significantly better disease-free survival in univariate and multivariate analysis [78] . In summary, several prognostic DNA methylation markers in the serum of cancer patients have been detected. There is great potential for the use of these epigenetic markers in clinical, routine risk assessment in patients with various malignancies (for summary see Table 1 ).
Viral nucleic acids
Viruses such as human papillomavirus (HPV) and Epstein-Barr virus (EBV) are etiological factors in various malignancies. In addition to tumor nucleic acids from endogenous sources, analysis of tumor-associated viral DNA has rapidly emerged as a molecular tool for initial diagnosis and follow-up monitoring in defined populations of cancer patients. In recent years it has been seen that it is possible to use cell-free EBV DNA in plasma of nasopharyngeal carcinoma (NPC) patients to monitor the response to a given treatment or to evaluate the prognosis of these patients (for review see [13, 14] ). The clinical significance is seen from the fact that those in whom the concentrations do not reach zero (or at least decrease to a low value) subsequently relapse [43, 44] . Chan and coworkers found that patients with EBVassociated NPC had persistently elevated EBV DNA levels in their plasma/serum, whereas patients after recovery from benign mononucleosis (caused by EBV) did not [44, 100] . It was found that those patients suffering from neoplasia and showing high levels of EBV DNA demonstrated a poorer prognosis. Quantitative determination of EBV DNA also yielded predictive information, because decreasing levels strongly correlated with favorable response to therapy [45, 46, 100, 101] . Very recently, one group confirmed the prognostic and predictive value of plasma EBV DNA measurement in NPC patients [102] . Therefore, determination of viral DNA levels seems to be close to becoming a routine procedure in these patients. The methodology may also have potential for clinical application in other virus-associated malignancies, such as lymphoma and gastric cancer [49, 103] .
HPV infection is an etiological factor in cervical carcinoma. Recently, detection of HPV DNA in serum/plasma of patients with cervical cancer and HPV-associated head and neck squamous cell carcinoma was described [50] [51] [52] [53] . Hsu and coworkers reported positive HPV DNA in serum of early-stage cervical cancer patients to be significantly associated with poor prognosis factors that warrant adjuvant therapy [104] . Additionally, it has been suggested that circulating HPV DNA in serum of head and neck squamous cell carcinoma (HNSCC) patients has the potential to identify those patients at risk for more aggressive disease despite a low detection rate [51] . Very recently, we were able to demonstrate that serum HPV DNA seems to reflect biological activity of cervical cancer, and furthermore, that serum HPV DNA might be a useful additional marker for early detection of recurrence in cervical cancer patients ( [54] ; for summary see Table 1 ).
Nucleosomes
Nucleosomes originate from endonuclease cleavage of chromatin during apoptotic cell death, and are composed of a histone octamer core wrapped with 180 bp-200 bp DNA. It is now widely accepted that nucleosomes, and in particular mononucleosomes, are the form in which cell-free DNA circulates in the bloodstream (for review see [14] ). Kuroi and coworkers reported a significant increase in nucleosome levels in breast cancer patients as compared with healthy controls. Otherwise, no correlation was detected with the most important clinicopathological features or prognosis of breast cancer patients [55] . These data were partly corroborated by the same authors in a subsequent study reporting that pretreatment baseline circulating nucleosome levels decreased markedly when response was achieved, whereas there was no decrease in the case of either stable disease or progressive disease, indicating a possible predictive potential for a given treatment in breast cancer patients [105] . Another study suggested that determination of circulating nucleosomes pre -and post-treatment could be useful in predicting response to chemotherapy in cervical cancer patients [106] . Unfortunately, only a small group of patients was analyzed, for which reason these results have to be further evaluated. Additionally, Holdenrieder and coworkers reported that the timing and extent to which nucleosome levels varied during radiation or chemotherapy correlated with clinical outcome [107] , but the predictive potential of circulating nucleosomes can not be sufficiently validated because of the small number of patients analyzed during follow-up and the several different malignancies included in this study. Very recently, Holdenrieder and coworkers found circulating nucleosomes in to represent independent predictors of therapy response in patients with stage III and IV NSCLC undergoing chemotherapy ( [56] ; for summary see Table 1 ). Despite these promising results, further studies must be undertaken to address the predictive potential of circulating nucleosomes.
Mutated mitochondrial DNA
Each human cell contains several hundred copies of mitochondrial DNA (mtDNA) that encodes respiratory chain subunits, tRNAs, and rRNAs. In recent years, several mutations have been described in patients with colorectal cancer, bladder cancer, lung cancer, and head and neck cancer [14, 57] . Recently, mtDNA mutations have been reported in the plasma of patients with early prostate cancer [58] , in the serum/plasma of patients with hepatocellular carcinoma [59, 60] ,and in the serum of CRC patients [61] . Taken together, all published data indicate that mtDNA might be highly diluted in the plasma of cancer patients, probably making the detection of previously unknown mutations difficult (for review see [13, 14] ). However, detailed studies of the correlation between tumor-derived mtDNA mutations in plasma/serum and clinical parameters including patient outcome during follow-up remain to be performed (for summary see Table 1 ).
Circulating mRNA
Cell-free mRNA can also be detected in serum or plasma. This gives rise to the suggestion that expression profiling can be performed in patient bloodstream. In patients with cancer, RNA may derive from tumorassociated viruses (e.g. DNA viruses that have an RNA genome as an obligatory part of their replicative strategy) or directly from the tumor (for review see [13, 14, 82] ). Recently, it was reported that tumor-derived tyrosinase mRNA was detected in four of six patients with metastatic melanoma but not in healthy controls [62] . A similar detection rate for tyrosinase mRNA was demonstrated by a second work [63] . Additionally, telomerase mRNA has be detected in serum/plasma of patients with various types of neoplasia, including breast cancer [64] or CRC [65, 66] . In lung cancer, disease was detected in 100% of patients using Her2/neu and hnRNP-B1 serum mRNA as markers [108] . Another work analyzed 5T4 mRNA in the serum of breast and lung cancer patients [109] . Since expression of 5T4 in epithelial tumors is associated with metastatic potential and worse prognosis, the detection of this marker in serum might be particularly valuable. When researching a putative prognostic potential of circulating mRNA, Silva and coworkers reported circulating cytokeratin 19 (CK19) and carcinoembryonic antigen (CEA) mRNA in plasma of CRC patients and CK19 and mammoglobin mRNA in plasma of breast cancer patients to be associated with advanced stages and circulating tumor cells or poor prognostic parameters [110, 111] . Therefore, it was suggested that these markers can be used for prognostication or to evaluate disease spread during progression. Hoon and coworkers used four different mRNA markers (MAGE-3, MUC-18, p97 and tyrosinase) in combination to address their prognostic potential in the blood of melanoma patients. They found that the number of RT-PCR markers positive in blood (one and two vs. three and four) was an independent prediction factor of disease recurrence ( [112] ; for summary see Table 1 ).
Conclusions
It is now widely accepted that there is a need for development of molecular markers of cancer that can be used for clinical prognostication and monitoring. The majority of reports evaluating a prognostic test in solid tumors face one major obstacle: the need for invasive procedures to obtain adequate testing material. Approximately a decade ago tumor-derived circulating nucleic acids in the plasma or serum of cancer patients were introduced as a noninvasive tool for cancer detection. The easy accessibility of CNAPS now opens up a new field for prognostic testing and therapy monitoring during follow-up.
Despite extensive testing of various molecular markers, including CNAPS, for their putative prognostic value, only very few have actually gained widespread clinical use. A possible reason for this lack of progress and the controversy in this field stems from poorly designed and analyzed studies. We want to emphasize the difference between a prognostic and a predictive factor in patient bloodstream, because the distinction between prognostic and predictive factors can critically affect the results of a clinical or laboratory investigation and ultimately delay the introduction of promising molecu-lar markers such as CNAPS as routine clinical prognostic and predictive markers. If outcome studies include patients with different types of treatment, their eventual confounding effect must be assessed using stratification or multivariate models.
Beside the often unappreciated issue of prognosis and prediction, many other aspects further complicate the interpretation of studies with regard to prognosis. Most studies are retrospective, include only small numbers of patients and do not control for other confounding prognostic variables. Additionally, differing lengths of follow-up and different endpoints (response, disease-free survival, overall survival, relative risk of relapse or death) contribute to misinterpretation of prognostic studies. On the one hand, we want emphasize the importance of a well-designed (prospective) study, but on the other hand we are aware that it is very important to initially use retrospective analysis of serum or plasma samples to determine promising markers for further analysis. This review discusses a new promising means of marker evaluation using a retrospective study design and only blood samples. At bottom, every putative prognostic parameter has to be tested in a prospective, multicenter study before it can be introduced in clinical routine.
In summary, a possible means of serum/plasma marker evaluation in a well-designed retrospective study including as many patients as possible, ideally without any form of adjuvant treatment or, if not possible, with patients receiving the same form of adjuvant treatment. Evaluated promising candidates for prognostication or therapy monitoring are then further checked in well-designed prospective multicenter studies. If these criteria are met, it would be possible to introduce CNAPS markers into clinical routine for prognostication and monitoring during follow-up within the next five to seven years.
